Introduction cancer (Kinzler and Vogelstein, 1996) . APC appears to be critical for the rapid turnover of ␤-catenin (Munemitsu The morphogenesis of solid tissues and the subsequent et al., 1995) , and phosphorylation of APC by GSK-3 maintenance of tissue integrity are related processes, appears to enhance the interaction of APC and ␤-catewith cues that determine cell fate resulting in the formanin . Cells that lack APC, or which tion of tissue-specific patterns and structures. The cytocontain APC mutants lacking the complete ␤-catenin solic protein ␤-catenin has essential roles in both of binding site, display elevated levels of cytosolic ␤-catethese processes. Assembly of cells into solid tissues nin and constitutive transcriprequires expression of cadherin cell adhesion molecules tional activation by the ␤-catenin-Tcf complex (Korinek (Takeichi, 1991) . The extracellular domain of cadherins et al., 1997; Morin et al., 1997; Rubinfeld et al., 1997) . provides specificity for homotypic cell-cell adhesion, These observations indicate that loss of regulation of but stable adhesion requires linkage of cadherins to the ␤-catenin levels is an important step in oncogenic transcytoskeleton (Nagafuchi and Takeichi, 1988; formation. Moreover, APC localizes to sites involved al., 1990). In the adherens junction, cadherins are linked in active cell migration (Nä thke et al., 1996) , and the to the actin cytoskeleton by cytosolic proteins, termed association of ␤-catenin with APC alters cell adhesivecatenins (Ozawa et al., 1989) . ␤-catenin binds to the ness (Barth et al., 1997) , suggesting that ␤-catenin-APC highly conserved cytoplasmic domain of cadherins and interactions are important in regulating migration and adhesion. to ␣-catenin (Aberle et al., 1994) , which binds to actin
The primary structure of ␤-catenin consists of an NH 2- (Rimm et al., 1995) . The cadherin-catenin complex is a terminal portion of approximately 130 amino acids, a target of regulatory signals that govern cellular adhecentral region of 550 amino acids that contains 12 impersiveness and mobility, including tyrosine phosphorylafect sequence repeats of 42 amino acids known as armation (Kinch et al., 1995) by growth factor receptors dillo (arm) repeats (Peifer et al., 1994a) , and a COOH- (Hoschuetzky et al., 1994) . The cadherin-catenin comterminal region of 100 amino acids. These three regions plex is also present in Drosophila (Peifer et al., 1993) , have distinct charge distributions: the calculated pI's of with the product of the segment polarity gene armadillo murine ␤-catenin are 4.4 for the NH 2 -terminal domain the ortholog of ␤-catenin.
(residues 1-140), 8.3 for the arm repeats (residues 141-In addition to its structural role in cellular junctions, 664), and 4.3 for the COOH-terminal domain (residues ␤-catenin/armadillo is a critical component of the . Deletion mutagenesis studies have mapped Wingless growth factor signaling pathway that governs the binding of cadherins (Hü lsken et al., 1994; Orsulic and Peifer, 1996) , APC (Hü lsken et al., 1994; Rubinfeld et al., 1995) , Tcf-family transcription factors (Behrens et ‡ To whom correspondence should be addressed. al., 1996; Molenaar et al., 1996) , and the EGF receptor tyrosine kinase domain (Hoschuetzky et al., 1994) to the arm repeat region. The binding site for ␣-catenin partly overlaps the beginning of this region (Aberle et al., 1996; Pai et al., 1996) . The NH 2 -terminal region contains consensus phosphorylation sites for GSK-3 (Yost et al., 1996) and tyrosine kinases (A. Barth and W. J. N., unpublished data) and is important for regulating cellular levels of ␤-catenin Morin et al., 1997; Rubinfeld et al., 1997) . The acidic COOH-terminal region appears to have the transactivator function required for gene activation by the ␤-catenin-Tcf complex (van de Wetering et al., 1997) .
Here, we describe the three-dimensional structure of the armadillo repeat region of murine ␤-catenin, designated ␤59, determined by X-ray crystallography in two crystalline forms at 2.1 and 2.9 Å resolution. The armadillo sequence motif encodes a structural unit that forms an elongated superhelical molecule when tandemly repeated. Features of the superhelical surface suggest possible mechanisms for the interaction of ␤-catenin with its many binding partners. 
Results and Discussion

E-cadherin cytoplasmic domain/glutathione S-trans-
The 12 armadillo repeats of ␤-catenin are represented with numferase fusion protein affinity resin (data not shown). The bered boxes. Numbered arrows indicate the residues NH2-terminal two fragments were separated from one another by reto the trypsin cleavage sites.
versed-phase HPLC. Mass spectroscopy and NH2-terminal sequence analysis showed that the 40 and 10 kDa Bragg spacing limit of the 1 (high energy remote point) fragments consist of residues 134-550 and 551-671, data set (Table 1) . The refined Form A model was used respectively. As the fragments stay associated under to solve the Form B crystal structure at 2.9 Å resolution native conditions and bind to the E-cadherin cytoby molecular replacement. The refined Form B model plasmic domain, these data indicate that trypsinolysis (Table 1) contains 45 additional residues, mostly at the produces a portion of ␤-catenin spanning residues 134-NH 2 terminus of the molecule, that could not be placed 671 that is nicked at Arg-550 ( Figure 1B) . Thus, residues with confidence in the Form A structure due to the poor 134-671 form a single, functional structural unit that quality of the electron density in this region of the map. comprises the ␤-catenin armadillo repeat region as [550] [551] [552] [553] [554] [555] [556] [557] [558] [559] [560] [561] [562] [666] [667] [668] [669] [670] [671] are not visible fined by sequence analysis (Peifer et al., 1994a) .
in either crystal form. Apart from small differences attributable to packing in the different lattices, the secondary Structure Determination and tertiary structures of ␤59 seen in the two crystal The 59 kDa region of murine ␤-catenin spanning resiforms are the same, despite the presence of 2.4 M urea dues 134-671, designated ␤59, was cloned and exin the Form A crystals. pressed in E. coli. Two crystal forms of ␤59 were obtained. Form A crystals, grown from a PEG/Urea/Tris Structure of ␤59 solution, diffract to 2.1 Å resolution. Form B crystals,
The 12 armadillo repeats of ␤59 form a highly elongated grown from a PEG/NaCl/Tris mixture, diffract weakly to structure composed entirely of ␣ helices and connecting 2.6 Å resolution. A single Form A crystal of selenomethioloops. The overall shape of the domain is approximately nine-substituted ␤59 was used for Multiwavelength cylindrical, with a length of 110 Å and an average diameAnomalous Dispersion (MAD) phasing (Table 1) . A moter of 35 Å . Each repeat interacts extensively with its lecular model was built into the 2.4 Å MAD phased electron density map (Figure 2 ) and refined to 2.1 Å , the neighbors, packing together to form a single domain Anomalous diffraction ratios ϭ Ͻ⌬ԽFԽϾ/ϽԽFԽϾ, where Ͻ⌬ԽFԽϾ is the rms Bijvoet difference at a single wavelength (diagonal elements) or the rms dispersive difference between two wavelengths (off-diagonal elements). Diagonal elements in parentheses are for centric reflections and provide an estimate of the noise in the anomalous signal; these values would be 0.00 for perfect data. d Refined with MADLSQ (Weis et al., 1991) .
e Phasing Power ϭ ϽԽFHԽϾ/E, where ϽԽFHԽϾ is the rms structure factor amplitude for the anomalous scatterers and E is the estimated lackof-closure error defined in Burling et al. (1996) . Phasing power is listed for each lack-of-closure expression between the reference data set (ϩ Friedel mate at the edge wavelength) and the ϩ or Ϫ Friedel set at each wavelength. Phasing power was calculated using all data between 45 and 2.4 Å .
where Fi (h) represents the i-th least squares determination of ԽЊFTԽ or ԽЊFAԽ. ԽЊFTԽ and ԽЊF AԽ are the structure factor amplitudes for normal scattering from all atoms (Total) and from the Anomalous scatterers, respectively. ⌬φ ϭ (ЊφT Ϫ ЊφA), where ЊφT and ЊφA are the phases of ЊFT and ЊFA. ⌬(⌬φ) is the mean pairwise difference between independent determinations of ⌬φ(h).
g Burling et al., 1996. h The Test Set is a randomly selected subset of the data (10%) that was not used in the refinement of the model. The Working Set comprises the remaining reflections.
. R free and R cryst were calculated using the Test Set and Working Set reflections, respectively.
with a continuous hydrophobic core. The rotation and follows a straight course for the first 8 repeats, then bends approximately 50Њ in the vicinity of repeats 9 and translation that relates adjacent repeats produces a right-handed superhelix of helices. The superhelical axis 10 to form a kink in the molecule ( Figures 3A and 3B ). The arm repeats are structurally very similar, with resisurface area, is buried in an isolated repeat; 80% of this buried surface is contributed by H2 and H3. In the dues conserved among repeats participating in similar intra-and inter-repeat interactions (Figures 3 and 4) .
presence of its neighboring repeats, a single repeat buries an additional 1700 Å 2 of surface area, such that 60% The canonical arm repeat in ␤59 is 42 amino acids long and contains three ␣ helices: a short helix 1 (H1) of of the total helix surface area is buried in ␤59. Each armadillo repeat shares extensive interactions roughly two turns, followed by two larger helices of approximately 2-3 (H2) and 3-4 turns (H3) (Figures 3 and with other repeats adjacent in sequence ( Figure 4B ), and it is unclear whether a single repeat would fold 4). H2 and H3 interact most extensively, packing against one another in an antiparallel orientation. H1 lies roughly stably in the absence of its neighbors. Hirschl et al. (1996) determined the secondary structure of a putative perpendicular to the H2-H3 hairpin, contacting the NH2-terminal end of H2 and the COOH-terminal end of armadillo repeat peptide from APC. Alignment of the arm repeat region of APC and ␤-catenin/armadillo (Peifer et H3. The loop connecting H1 to H2 contains a single residue in a left-handed helical conformation, generally al., 1994a) indicates that the peptide starts in the middle of H3 of one repeat and ends in the middle of H3 of the glycine, that reorients the polypeptide backbone by about 90Њ. The conformations of the loops connecting following repeat. Residues corresponding to H1 and a portion of H2, or 38% of the peptide, adopt helical sec-H2 to H3, and H3 to H1 of the following repeat are also remarkably similar among repeats. An average surface ondary structure, and the remainder of the peptide is unstructured. Because the peptide contains portions of area of 1100 Å 2 , or approximately 25% of the total helix ) have been omitted for clarity. White, blue, red, and yellow spheres represent carbon, nitrogen, oxygen, and sulfur atoms. Amino acids are labeled with single-letter code followed by the residue number. The role of conserved hydrophobic residues in H1 is illustrated by A356, which is near the surface but packs laterally against P321 and other residues from the previous repeat, and I357, which packs against hydrophobic residues of H2 and H3 from both repeats. Note that the exposed hydrophobic residues seen in the figure are actually packed against hydrophobic residues of neighboring repeats. This stereo model was made with MOLSCRIPT (Kraulis, 1991).
two repeats and does not contain a complete H3, no these "armadillo helix bundles" and the four helix bundles found in other proteins. All directly adjacent helices conclusions regarding the tertiary structure or stability of a single repeat can be drawn from these data.
in a four-helix bundle protein are antiparallel, with the NH 2 and COOH termini located on neighboring helices The packing of tandem repeats gives rise to a twosided spiraling ribbon with each side consisting of paral-( Figure 3C ). In the armadillo helix bundle, adjacent H2 helices are parallel, as are adjacent H3 helices, whereas lel H2 or H3 helices ( Figures 3A and 3B) . The structure resembles a series of four helix bundles with H1 lying H2 and H3 helices are antiparallel ( Figures 3A and 3C ). This arrangment places the NH 2 and COOH termini on diagonally across one end of each bundle. However, there are important topological differences between diagonally opposite sides of the bundle, which, when repeated, produces a structure with a continuously Molecular Flexibility wound topology.
Elongated molecules composed of tandemly repeated Although the ␤-catenin arm repeats vary significantly structural units frequently display significant flexibility. in sequence, the size of the repeat and the character of However, the extensive interactions observed betweeen the hydrophobic core is largely conserved (Figure 4) , each arm repeat and its neighbors contrasts sharply leading to a surprisingly consistent packing of repeats.
with "beads-on-a-string" structures characteristic of The parameters describing the ␤59 superhelix reflect molecules composed of independent folding units such the rotation/translation relationship produced by the inas immunoglobulin domains. The resistance of ␤59 to sertion of ridges formed by every third side chain of one proteolysis indicates that it is a compact molecule. The helix into grooves created by every fourth side chain of observed structure would appear to allow only limited another helix. In ␤59, this "3 in 4" packing produces an flexibility, as any large motions would disrupt the single, average 30Њ rotation and 10 Å translation per repeat.
continuous hydrophobic core. Nonetheless, compariCuriously, only two of the five phenylalanine and none son of ␤59 in its two crystal forms provides evidence of the three tryptophan residues are buried in the hyof limited internal motion. The ␣ carbons from the 456 drophobic core ( Figure 4A) ; the remainder are located residues ordered in both structures superimpose with at the surface of the molecule and interact with surface an rms deviation of 1.38 Å , whereas superposition of residues (e.g., Figure 2 ), but are not clustered in any the NH 2 -or COOH-terminal halves individually yields one region.
rms deviations of 0.52 and 0.48 Å , respectively. When There are two significant deviations from the canonionly one half is used for the superposition, the nonsupercal repeat structure. A loop replaces H1 in repeat 7, but imposed halves of the two structures are related by an it features the same interactions made by conserved 11.5Њ rotation about an axis that passes near the junction hydrophobic residues present in the H1 helix of other between repeats 6 and 7 ( Figure 5 ). Repeat 7 is the only repeats ( Figure 4 ): Gln-395 of the loop packs laterally repeat that lacks H1, raising the possibility that H1, when against H1 and H2 of the previous repeat, and present, adds rigidity to the superhelix. The observed of the loop inserts into the hydrophobic core between rigid-body motion does not appear to be the result of repeats 6 and 7 (c.f. packing of Ala-356 and Ile-357 in rotation about a single bond, but rather the product of Figure 4B ). The other deviation is a 22 amino acid insera number of small changes in the interface between tion in repeat 10 ( Figure 4A ). In both crystal forms, the repeats 6 and 7 that do not significantly alter the hyinsertion is only partially ordered: the first 6 residues drophobic core. Due to restrictions imposed by packing extend H2, and the last 3 lead into H3. The intervening in the crystal lattice, the full range of motion in solution 13 residues are disordered and presumably flexible in may be greater than that observed in the crystal strucboth crystal forms, consistent with the observation that tures. Arg-550 of this insert is a site of trypsin cleavage in limited proteolysis experiments (Figure 1) .
The repetitive nature of the armadillo domain structure A Potential Binding Surface makes it difficult to identify with certainty which struc-
The distribution of surface charge in ␤59 is highly asymtural element marks the "true" beginning of an armadillo metric, with a large band of positive surface potential repeat. The register presented in Figure 4A is consistent extending over the first 10 repeats (Figure 6 ). Most of with the extent of the arm repeat region as defined by the positive charge lies within a shallow groove generthe pattern of hydrophobic residues in the ␤-catenin ated by the right-handed superhelical twist of the molesequence. Similar borders for the arm repeat domain cule. The groove is about 95 Å long and 20 Å wide. H3, were defined by limited trypsin digestion, which cuts the most regular and highly conserved of the three arm ␤-catenin ten residues before the putative H1 of repeat repeat helices, defines the groove. The exposed H3 sur-1 and nine residues past H3 of repeat 12 to yield ␤59 face of a given repeat defines the floor of the groove, (Figure 1b) . However, the portion of ␤59 preceding resiand the NH 2 and COOH termini of the H3s of the flanking due 150 is not visible in either crystal form, so the present repeats define the edges. A significant portion of the structure provides no evidence that residues 141-149 positive charge is contributed by the conserved basic correspond to an H1 helix in full-length ␤-catenin. position in H3, as well as by residues that reach into the A right-handed superhelix formed by two layers of groove from the conserved basic position in H1 (Figure  parallel helices, analogous to H2 and H3, has been ob-4A). Most of the basic side chains are well ordered, with served in portions of several other proteins: a bacterial many held in position by extensive interactions with muramidase (Thunnissen et al., 1994) , lamprey yolk liother residues (e.g., Figure 2 ). povitellin-phosvitin (Raag et al., 1988) , and the ␣-subunit Deletion mutagenesis studies have mapped the bindof farnesyl transferase (Park et al., 1997) contain 10, 8, ing sites for cadherins (Hü lsken et al., 1994 ; Orsulic and and 7 repeats of two antiparallel helices, respectively. Pai et al., 1996) , APC (Hü lsken et al., 1994; (A similar two-layer topology was predicted for another Rubinfeld et al., 1995) , and Tcf family members (Behrens arm family member, the regulatory A subunit of protein et al., 1996; Molenaar et al., 1996) to the arm repeat phosphatase 2A [Ruediger et al., 1994] .) There are two domain of ␤-catenin. Attempts to define more closely principal differences between those structures and that the interaction sites by deletions within the arm repeat of the ␤-catenin armadillo repeat region. First, the H1 region are difficult to interpret because the assays emhelix seen in ␤-catenin is not present in these other ployed are semiquantitative and binding affinities have structures. Second, the superhelical path of the first not been determined. Moreover, deletions within a single eight repeats of ␤59 is very straight, whereas the other structures display significant curvature.
structural domain such as ␤59 may lead to unanticipated local changes in the structure that alter the behavior of that extended, acidic regions of cadherins, APC, and the Tcf-family transcription factors interact with the basic the mutated protein. Nonetheless, the available data indicate that the different classes of binding partners groove of ␤-catenin. The 95 Å long groove could accommodate a 25-30 residue polypeptide in a fully extended recognize overlapping portions of ␤-catenin that span the first 10 repeats. In all cases, a minimum of 6-7 reconformation, or larger polypeptides containing bends or local elements of secondary structure. The model is peats is sufficient for detectable binding, but larger regions give stronger binding. Significantly, E-cadherin consistent with several observations. First, the cytoplasmic domain of E-cadherin is not structured in soluand APC form mutually exclusive complexes with ␤-catenin and appear to compete directly for binding tion (A. H. H. et al., unpublished data) and could bind as an extended polypeptide. Unfortunately, nothing is (Hü lsken et al., 1994; Rubinfeld et al., 1995) .
The regions of cadherins, APC, and Tcf family proteins known about the structure of the ␤-catenin interaction regions of APC or Tcf-family transcription factors. Secthat interact with ␤-catenin have also been mapped by deletion mutagenesis. A stretch of 30 amino acids in ond, as noted above, deletion mutagenesis studies show a correlation between the number of arm repeats the cytoplasmic domain of E-cadherin is required for binding to ␤-catenin (Stappert and Kemler, 1994) , and removed and the strength of binding, as would be expected if the interaction surface runs along the groove. a similar region of Drosophila E-cadherin binds to armadillo (Pai et al., 1996) . Several repeats of 15 and 20 amino Third, phosphorylation of the ␤-catenin binding region of APC by GSK-3, which would make this region even acids present in APC are required for interaction with ␤-catenin (Su et al., 1993; Munemitsu et al., 1995) . The more acidic, enhances the APC-␤-catenin interaction . Finally, mutations in the Drofirst 56 amino acids of LEF-1 contain the ␤-catenin recognition site (Huber et al., 1996) , a region highly consophila Tcf family member Pangolin-1 that diminish, but do not completely abolish, binding to armadillo are served among Tcf family members (Molenaar et al., 1996; Brunner et al., 1997; van de Wetering et al., 1997) .
changes from glutamate to lysine (Brunner et al., 1997) . These results are also consistent with the importance Although the ␤-catenin binding regions of cadherins, APC, and Tcf family members show no significant seof charge complementarity. Also, an extended region of interaction dominated by electrostatics, rather than quence homology, they are all acidic, with calculated pI's of 3.3, 4.1, and 4.0, respectively. The only other close steric complementarity over a more limited area, would be expected to be somewhat tolerant of local common feature of these regions is a short sequence, Ser-Ser-Leu, which may represent a ␤-catenin binding disruptions caused by single amino acid substitutions.
The internal rigid-body motion observed between the motif (Molenaar et al., 1996; Pai et al., 1996) . We propose reach the groove were it to adopt an extended conformM CaCl2, and 4 mM DTT was incubated at 24ЊC for 20 minutes.
mation.
Trypsin was inhibited by adding TLCK to a final concentration of 1.4 mg/ml, and the subtilisin digest was stopped with PMSF at a final concentration of 7.7 mM. Anion exchange chromatography
Relationship to Other Armadillo Family Members
(Mono Q, Pharmacia) was performed by applying the digested samGiven the continuous packing of armadillo repeats in ple in 20 mM Tris-HCl (pH 8.5), 1 mM DTT and eluting with a NaCl gradient. A Superdex 200 HR column (Pharmacia) equilibrated with ␤59, it is unlikely that a single repeat would form a stable, 50 mM Tris-HCl (pH 8.5), 150 mM NaCl, and 2 mM DTT was used independently folded structure. Interestingly, no profor size exclusion chromatography experiments, and a C4 HPLC teins with fewer than six tandem armadillo repeats have column (Macrosphere 300, 5 m particle size, Alltech) was used been described. As armadillo repeats are largely defined for reversed-phase protein purification. Anion exchange and size by the conservation of hydrophobic core residues (Fig- exclusion chromatography steps were carried out at 4ЊC, and the reversed-phase purification was run at 24ЊC. Matrix-assisted laser ure 4), the repeats found in other proteins (Peifer et al., was purified from cell lysates on glutathione-agarose beads and independent translation function solutions were 8.2 and 5.6 above the mean, respectively. Rigid-body refinement produced a cleaved with bovine thrombin, and the soluble ␤59 was purified by anion exchange chromatography (Mono Q, Pharmacia). For preparafinal molecular replacement solution with an R value of 49.9% for all data with |F| Ͼ 2(|F|) from 10.0-4.0 Å resolution. Manual rebuildtion of selenomethionyl-␤59, the E. coli methionine auxotroph DL-41 (Hendrickson et al., 1990) was transformed with the expression ing of the molecular replacement solution was followed by simulated annealing refinement to 2.9 Å and several subsequent rounds of plasmid and grown in defined medium (Hendrickson et al., 1990) containing the Kao and Michayluk vitamin solution (Sigma, 1ϫ final conjugate gradient minimization. A maximum likelihood target function and an overall anisotropic temperature factor tensor were used concentration) and 125 mM seleno-DL-methionine. Amino acid analysis was consistent with 100% substitution of the 16 methionines throughout. Refinement of individual atomic temperature factors and the application of a bulk solvent correction (Jiang and Brü nger, in ␤59 with selenomethionine. 1994) were carried out late in the refinement. The bulk solvent correction produced some improvements in ambiguous sections of the Crystallization electron density map. (The correction was not applied in the Form Two crystal forms of ␤59 were obtained using the hanging drop
A crystal structure refinement, as it did not improve map quality vapor diffusion method and a 7 mg/ml solution of ␤59 in 10 mM and gave a small increase in Rfree past 3 Å .) The final model is CAPS (pH 10.5), 50 mM NaCl, and 1 mM DTT. S. Fridman and Y. Wang for technical assistance; S. Clark for assisData were measured from a single, cryopreserved crystal of SeMet tance with mass spectroscopy; A. Brü nger for providing the maxi-␤59 using a four-circle goniostat and Fuji imaging plates. The crystal mum likelihood refinement program and for discussions; and S. was aligned with a major axis coincident with the rotation axis so Halfon, S. Pokutta, and J. Wedekind for comments on the manuthat Bijvoet pairs could be measured simultaneously. All data were script. A. H. H. was supported by a fellowship from the Jane Coffin integrated and scaled with DENZO and SCALEPACK (Otwinowski, Childs Memorial Fund for Medical Research. This work was sup-1993) (Table 1A ). The MADSYS suite of programs (Hendrickson, ported by the National Institutes of Health (W. J. N.) and the Pew 1991) was used to extract |ЊF A|, |ЊFT|, and ЊT Ϫ ЊA (⌬) for each Scholars Program in the Biomedical Sciences (W. I. W.). reflection and to calculate Њ T . Six Se sites were located in a |ЊF A | Patterson map using an automated Patterson search program (RSPS; Knight, 1989) and refined against |ЊF A | values. Difference Received July 7, 1997; revised July 21, 1997. Fourier syntheses (|ЊF A| Ϫ |ЊFA|calc) were used to locate five additional Se sites. The phases Њ T were calculated using both hands of the Se substructure and the correct hand determined by comparison References of the resulting ЊF T electron density maps. Additional refinement of the Se model at 2.7 Å was carried out using a maximum likelihood, Aberle, H., Butz, S., Stappert, J., Weissig, H., Kemler, R., and pseudo-MIR refinement algorithm (Burling et al., 1996) using the 3 Hoschuetzky, H. (1994) . Assembly of the cadherin-catenin complex (absorption edge) positive Friedel set as a reference. A dispersive in vitro with recombinant proteins. J. Cell Sci. 107, 3655-3663. difference Fourier map revealed the presence of four more Se sites.
Aberle, H., Schwartz, H., Hoschuetzky, H., and Kemler, R. (1996) . A final maximum likelihood refinement of the 15 Se site model (correSingle amino acid substitutions in proteins of the armadillo gene sponding to 14 of the 16 selenomethionine residues) and phase family abolish their binding to ␣-catenin. J. Biol. Chem. 271, 1520-calculation were performed at 2.4 Å . The resulting figure-of-merit 1526. weighted electron density map was readily interpretable (Table 1 Adams, P.D., Pannu, N.S., Read, R.J., and Brü nger, A.T. (1997). and Figure 2 ). To use the experimental phases as restraints during Cross-validated maximum likelihood enhances crystallographic the initial rounds of refinement, the complex residual target function simulated annealing refinement. Proc. Natl. Acad. , 1997) . The "high energy remote" data set (1) was used to extend the resolution of the structure to 2.1 Å . An overall anisotropic tempercalization of mutant ␤-catenin with Adenomatous Polyposis Coli protein and altered MDCK cell adhesion. J. Cell Biol. 136, 693-706. ature factor tensor (Sheriff and Hendrickson, 1987) was applied throughout the refinement. The final model is composed of amino Behrens, J., von Kries, J.P., Kü hl, M., Bruhn, L., Wedlich, D., acids 193-549 and 563-662, and 265 solvent molecules (Table 1C) ; Grosschedl, R., and Birchmeier, W. (1996) . Functional interaction of 95.3% of the amino acids are in the most favorable region of the ␤-catenin with the transcription factor LEF-1. Nature 382, 638-642. Ramachandran plot, and none are in outlying regions.
Brü nger, A.T. (1990) . Extension of molecular replacement: a new search strategy based on Patterson correlation refinement. Acta
Phasing and Refinement of Form B Crystals
Cryst. A46, 46-57. A 2.9 Å resolution native data set (Table 1A) was measured from a Brunner, E., Peter, O., Schweizer, L., and Basler, K. (1997) . pangolin single cryopreserved Form B crystal using a rotating anode source encodes a Lef-1 homologue that acts downstream of Armadillo to and a Rigaku RAXIS-IIc imaging plate detector. The Form B crystal transduce the Wingless signal in Drosophila. Nature 385, 829-833. structure was solved by molecular replacement using the refined Burling, F.T., Weis, W.I., Flaherty, K.M., and Brü nger, A.T. (1996) . SeMet ␤59 structure as a search model. A cross rotation function Direct observation of protein solvation and discrete disorder with was calculated using data from 10. 
